We consider the production of dark matter in association with a pair of top quarks, mediated by a scalar or pseudoscalar particle in a generic Simplified Model. We demonstrate that the difference of azimuthal angle between the two leptons ∆φ , in the dileptonic top decay mode, can directly probe the CP-properties of the mediator. We estimate the constraints to strength and CP-structure of dark matter production for these well-motivated Simplified Models from the LHC Run II.
I. INTRODUCTION
The existence of dark matter is solid evidence for physics beyond the Standard Model. Though currently known only through gravitational interactions, there are well-motivated theoretical reasons to expect dark matter to have significant interactions with the known particles. If dark matter is a particle that was in thermal equilibrium in the early Universe, it must have a sufficiently large annihilation cross section with some other set of particles, in order reduce its thermal relic abundance at least to the level of the observed dark matter density. If the only form of dark matter are these thermal relics, then the required thermally averaged cross section, σv ∼ 3 × 10 −26 cm 3 /s, is strongly suggestive of the scale of weak-force particles. However, the observation that some interaction is necessary to reduce the number density is much more general and can apply to non-thermal dark matter, such as that found in Asymmetric Dark Matter models [1] .
Given this motivation, there is a great deal of interest, both theoretical and experimental, in the search for dark matter particles in particle physics experiments. In particular, given an approximately weak-scale-strength interaction so as not to over-close the Universe with dark matter, the multipurpose experiments ATLAS and CMS at the Large Hadron Collider (LHC), have the potential to pair-produce dark matter and detect it via events with an excess of missing transverse energy ( / E T ) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Recently, it has been recognized that accurate simulation of dark matter production at the LHC requires the inclusion of the particle(s) that mediate the interaction with the Standard Model for a significant range of the parameter space [13] [14] [15] [16] [17] [18] [19] [20] . In order to avoid a loss of generality by focusing on a single UV-complete model such as supersymmetry, a framework has been constructed of Simplified Models [21] [22] [23] [24] [25] [26] [27] , in which the only new particles considered are the dark matter itself and the mediator that connects the dark sector with the visible. Of these Simplified Models, those with dark matter interactions mediated by a new scalar or pseudoscalar spin-0 particle interacting with the Standard Model quarks and leptons [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] have particular interest, and are the focus of this paper.
In order to avoid flavor constraints, this new mediator Φ (either a scalar H or pseudoscalar A) is assumed to couple to the Standard Model quarks via Minimal Flavor Violation (MFV) [42] , in which the coupling is proportional to the Higgs Yukawas. Such interactions are suggestive of the mediator being the heavy Higgs or pseudoscalar Higgs of a non-minimal Higgs sector, or even the 125 GeV Higgs itself (i.e. Higgs Portal dark matter [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] ). Under these assumptions, Φ couples predominantly to the heaviest Standard Model fermion, the top quark. Dark Matter would therefore be predominantly pair-produced either through a top quark loop-induced coupling to gluons, or in association with a top quark pair. Both mechanisms have been studied in the context of Simplified Models, and in general they yield competitive bounds on the strength of the mediator couplings to the quarks and to dark matter [28, 40, 54] .
In this paper, we consider how to distinguish the structure of dark matter production at the LHC. We exploit the sensitivity of the azimuthal angular correlation between the two leptons ∆φ arising from the tops in the associated top pair channel. This experimentally clean observable was previously employed by the authors in the context of direct CP-measurements of the 125 GeV Higgs boson's coupling to top quarks [55] , and was motivated by similar techniques developed for studying the Higgs sector [56] [57] [58] [59] [60] [61] . This variable contains information on the CP-structure of the mediator couplings to quarks, and so -in the case of a discovery -can be used to distinguish between the CP-even scalar and CP-odd pseudoscalar mediators. The sensitivity to the CP-structure of the mediator coupling is enhanced when the mediator is produced at large transverse momentum. This is the kinematic regime required by the background-reducing selection on / E T , providing a useful synergy between the requirements for discovery and the ability to measure the properties of the new physics. This paper is organised as follows. In Section II, we review the spin-0 Simplified Model formalism and the analytical structure underlying the ∆φ CP sensitivity. In Section III, we describe our LHC simulation techniques. The limits on strength and CP-structure of Simplified Models are presented in Section IV. We adopt the Simplified Model framework for spin-0 mediators, assuming fermionic dark matter χ, as described in Refs. [26] [27] [28] . This is a five-parameter model. There are two masses: that of the dark matter m χ , and the mediator m H(A) , and two couplings: the dark mattermediator coupling g χ , the universal mediator-Standard Model fermion coupling g v . Finally, there is the mediator width Γ H(A) , which may be considered a free parameter to allow for additional new physics beyond the purview of the Simplified Model. For simplicity, in this work we will consider bounds on the visible coupling g v for on-shell production of dark matter (m χ < m H(A) /2), assuming a 100% branching ratio of Φ to dark matter. In this case, the detector bounds on the model are independent of m χ for m H(A) within the kinematic reach of the LHC. Under the assumption of MFV, the Lagrangian for the interaction terms between a spin-0 mediator Φ, the dark matter χ, and the Standard Model fermions f is
Here, α is a CP-phase, with α = 0 corresponding to the CP-even scalar mediator H, and α = π/2 corresponding to the pseudoscalar mediator A. This Lagrangian will generate a Φ-gluon-gluon coupling at one-loop, due primarily to the Φ coupling to top quarks. This allows for "monojet" searches [6, 8, 9, 11, [62] [63] [64] [65] in the gg → (Φ → χχ)+jets channel. However, a channel with similar sensitivity is dark matter produced through the Φ particle in association with a pair of top quarks [54] . We will consider the dileptonic top associated channel in this paper. The details of the event selection will be considered in Section III; at this point the key factor is that separating the associated production of tops and dark matter from the dileptonic top background requires events with large missing transverse energy, which translates into requiring the Φ to be produced with large p T .
B. CP Properties of ∆φ
The experimentally accessible variable of interest is ∆φ , the azimuthal angle in the lab-frame between the leptons from dileptonic tops in pp → ttΦ → ( + νb)( −νb )(χχ) events. This experimentally clean observable works as proxy for the azimuthal angle ∆φ tt , the azimuthal angle between the tops in the event, which cannot be reconstructed without hadronic decays of the tops resulting in large experimental uncertainties. The correlation between ∆φ tt and ∆φ was discussed by the authors in Ref. [55] . Here, we briefly recapitulate the arguments, demonstrating that ∆φ tt contains information about the CP phase-angle α. As top decay emits leptons preferentially along the top momentum axis [66, 67] , the easily constructed variable ∆φ allows this information to be accessed experimentally.
As in Ref. [55] , we specialize to particular subset of ttΦ production: quark-initiated production of mixed-helicity tops, i.e.→ t L/RtR/L Φ. Here, we use helicity definitions as in Ref. [68] . These final states transform into themselves under the application of CP symmetry, and the quark initial states become more important at high transverse momenta at the LHC due to falling gluon Parton Distribution Function (PDF). The matrix element for this restricted subset of final states can be written as
where c α = cos α, s α = sin α, q 1 and q 2 are the momenta of the incoming quarks (with spinors u 1 and v 2 ), the outgoing tops have momenta k t and kt, and the outgoing Φ has momentum p. When the Φ particle has significant transverse momentum, the coefficient of the CP-even cos α piece of A is proportional to cosines of ∆φ tt , while the CP-odd sin α term is proportional to sines of ∆φ tt [55] . Thus, for these mixed helicity states, at large p T , events containing a CPeven H particle have an excess of events near ∆φ tt = 0 and an deficit near ∆φ tt = π. This pattern is reversed for a CP-odd A mediator. As demonstrated in Ref. [55] , this behavior survives in the experimentally accessible variable ∆φ , where the azimuthal angle of the leptons is used as a proxy for the top/antitop angle. In Figure 1 , we show the differential distributions of ∆φ for the CPeven H and CP-odd A, assuming m H(A) = 100 GeV. In the left-hand panel, we do not apply a cut on / E T , while on the right we require / E T > 200 GeV. This not only forces the surviving events into the configuration where the CP-structure of the term A is made manifest, it also boosts the relative admixture ofinitial states, and the contributions from mixed-helicity top pairs. This results in the significant excess of events near ∆φ ∼ 0 in the CP-odd case as compared to the CP-even.
III. SIMULATION AND EVENT SELECTION
Having developed a variable that is sensitive to the CP structure from the dark matter mediator, we first present an analysis strategy to measure the signal strengths at the Run II LHC, and then directly distinguish the CP structure.
The signal samples are pp → ttΦ (Φ = H or A) with fully dileptonic top decays and mediator (pseudo-)scalar decays to invisibles. We require two opposite-sign leptons and two bottom tagged jets. The major backgrounds for this signature are top pair tt production and associated top pair with Z or W gauge bosons, ttZ and ttW . We simulate our signal samples with MadGraph5+Pythia8 [69, 70] and the backgrounds with Sherpa+OpenLoops [71] [72] [73] [74] [75] [76] . All samples are generated including higher order QCD effects with the MC@NLO algorithm [77] accounting for hadronization and underlying event effects. We use MadSpin [78] and the respective Sherpa [79] module to restore spin correlations between production and decays for the tops and gauge bosons.
In our analysis we require two isolated leptons with p T l > 20 GeV and |η | < 2.5. Leptons are isolated if less than 20% of the transverse energy deposited in the lepton radius R = 0.2 corresponds to hadronic activity. The hadronic part of the event is reconstructed using Fastjet [80, 81] via the anti-k T jet algorithm with radius R = 0.4. Jets are defined with p T j > 30 GeV and |η j | < 2.5. We demand two b-tagged jets to suppress possible extra sources of backgrounds. We assume a b-tagging efficiency of 70% and a mistag rate of 1%.
The main variable used to distinguish signal and background in existing searches is the missing transverse energy / E T . In Figure 2 , we show the / E T distribution of both the scalar and the pseudoscalar mediator production with dileptonic tops, assuming m H(A) = 100 GeV, g v = 1 and m χ < m H(A) /2. It is clear that a large / E T selection can be used to enhance the sensitivity to the signal sample and deplete the tt background. Moreover, we notice that pseudoscalar mediators lose a smaller fraction of the rate with large / E T selections than the scalar case. We observe that the azimuthal correlation between the most energetic jet and lepton helps in the tt background suppression, so we demand ∆φ j < 2.
IV. RESULTS AND CONCLUSION
We perform a 2-dimensional binned log-likelihood analysis, using both / E T and ∆φ to distinguish signal from background. In Figure 3 , we show the expected 95% CL limit at the 13 TeV LHC on the mediator coupling and pseudoscalars (right). The log-likelihood test is based on the two dimensional distributions ( / E T , ∆φ ) for 10 fb −1 and 100 fb −1 of LHC data with BR(H, A → inv.) = 1. The scalar mediators also have 95% CL upper limits on gv from LUX direct detection bounds [82] , while the pseudoscalar mediators are constrained by the Fermi-LAT stacked dwarf galaxy search [83] . In both cases, the nominal value of gv required for a thermal relic is also shown.
to tops g v as a function of the mediator mass, for both the scalar and pseudoscalar. We assume a systematic uncertainty of 10% for the signal and background samples, and a branching ratio into dark matter of 100%.
Assuming 10 (100) fb −1 of luminosity, we are sensitive to couplings g v < 2.5 (1.2) in all the mass range considered, 100 GeV < m H(A) < 500 GeV. Since the pseudoscalar tend to be more boosted than the scalar hypothesis, we observe stronger bounds for the CP-odd mediator, largely driven by / E T . Note that once m H(A) > 2m t , the top-pair decay channel opens, and one would expect the branching ratio to dark matter to drop. This is typically an O(1) effect for g v ∼ g χ , but exact calculation requires an assumption to be made for g χ . To maintain our 2D parameter space, in this theory study we continue to assume a 100% invisible branching ratio.
Also in Figure 3 , we show the 95% CL exclusion on the coupling g v as a function of mediator mass m H(A) from the non-collider experimental searches for dark matter: direct and indirect detection. The scalar mediator H can induce spin-independent scattering in direct detection experiments. Currently, the most constraining spin-independent direct detection limits for dark matter m χ 10 GeV come from the LUX experiment [82] . Pseudoscalar mediators do not result in direct detection scattering cross sections which are not velocity-or momentum-suppressed. Indirect detection bounds are extracted from the combined dwarf galaxy analysis in the bb channel using data from the Fermi Large Area Telescope (LAT) [83] ; such bounds apply to the pseudoscalar mediators A, as scalar mediators have thermally averaged annihilation cross sections which are proportional to velocity-squared, which is essentially zero in the Universe today. Finally, in both CP assignments we show the value of g v required for a thermal relic, assuming σv = 3 × 10 −26 cm 3 /s in the early Universe. For both models, we set g χ = g v in order to allow for direct comparisons with the collider bounds. Note that varying this assumption can change the relative strength of the collider and non-collider bounds.
As can be seen, under these assumptions, the LHC bounds with 10 fb −1 of data are weaker than the existing LUX constraints. With the larger data set, the LHC can outperform direct detection at large mediator masses. Pseudoscalar mediators are much more difficult to constrain without collider bounds, as even the smaller integrated luminosity we consider is sufficient to exceed the constraints set by indirect detection. Regardless of the CP-structure of the mediator, the requirements for a successful thermal relic seem to require values of g v much larger than those allowed by existing non-LHC experiments. However, some caution should be applied to this conclusion, as the Simplified Model framework by construction does not aim to be a complete model of the dark sector physics. For example, additional annihilation modes, not captured in our assumption of a single mediator connecting dark matter to the Standard Model, can allow for smaller values of g v while still resulting in large enough thermal cross sections.
As shown, the azimuthal angle ∆φ can be used to boost the experimental sensitivity to dark matter produced via a spin-0 mediator. If we further assume dis- covery of a signal at the LHC consistent with dark matter production, this variable can also be used to distinguish between the scalar and pseudoscalar interactions. In Figure 4 , we show the estimated CL S value for distinguishing a 100 GeV scalar mediator from a pseudoscalar, as a function of integrated LHC luminosity, using the ∆φ and / E T variables. Here again, we assume g v = g χ = 1. Under this set of assumptions, the two models can be distinguished at 95% CL with L ∼ 250 fb −1 .
As we have shown, the ∆φ variable would allow for direct measurement of the CP-structure of the spin-0 mediator between top quarks and dark matter -to our knowledge the first study to do so. This measurement would be orthogonal to the information that could be inferred from (non-)detection in direct or indirect detection experiments. We note that the azimuthal angle between jets in vector boson fusion is also known to encode information about the CP-properties of new physics [84] [85] [86] [87] [88] [89] [90] , and one might look to that channel for a similar measurement, producing a Φ mediator through a top-loop induced gluon fusion with two forward jets. It should be noted that this channel may suffer from large backgrounds that are difficult to remove, and that the measurement of CP in that case would be a measurement of a loop-induced coupling, rather than the tree-level coupling this work is sensitive to [91] . We will consider the CP measurement in the vector boson channel in a future work.
In the event of an excess of events seen in the tt + / E T channel at the LHC Run-II, measurements such as the one described here will become a critical part of deciphering the unknown physics of the dark sector. The knowledge gained from CP-measurements at colliders can be integrated with additional signals (or lack thereof) from direct and indirect detection in order to move beyond the Simplified Model framework into a coherent picture of the particles involved and the nature of their interactions.
